Abstract -When different temperatures are given to simple electrolyte solutions on both side of a membrane, there appears an electrostatic potential, and osmotic flow of water occurs through the membrane. Thermal membrane potential was determined by flushing two solutions having different temperatures on the two surfaces of a thick membrane to remove diffusion layers. Thermoosmotic flow was observed using a capillary. The effective temperature difference working for thermoosmosis was estimated by measuring the thermal membrane potential across the membrane. Experimental data thus obtained were compared with a theory based on nonequilibrium thermodynamics.
INTRODUCTION
When two solutions of a simple electrolyte are placed on both sides of a membrane and no electric current ispassing through the membrane, various phenomena such as membrane potential, solute flux, solvent flux, etc. are simultaneously found. The driving force for those phenomena is also various: concentration difference, pressure difference, temperature difference, etc. Although individual phenomenon has been studied in detail, it is most important to study all these related phenomena on the basis of a common theory. We have been working to understand various membrane phenomena observed usingi a simple membrane when there is no electric current and the hydrostatic pressures are equal, consistently based on a nonequilibrium thermodynamics (refs. 1-15) . In this paper, our works on nonisothermal membrane phenomena are summerized(refs. 1-9).
The membranes used in the present work are mainly sulfonated polystyrene-collodion interpolymer membranes, which can be regarded as a kind of polyelectrolyte solution. A charge-mosaic membrane made of pentablock copolymer, which is composed of cation-and anion-exchange elements and, consequently, has very high permeability for simple electrolytes, is also used for studying the interaction between solute flux and water flux(ref. 16 ). The electrolyte solutions placed on both sides of those membranes are generally 1-1 electrolytes.
In literature including our own works, thermal membrane potential is always found to be positive at the hot side for cation permselective membranes and negative for anion permselective membranes, respectively.
Concerning the direction of thermoosmosis, however, the conclusions reported in literature are contradictory. In case of charged membranes the direction of thermoosmosis through membrane is mostly from the cold side to the hot side (refs. 2,5,9,17,18) . For noncharged and/or low charged membranes, however, the direction of thermoosmosis in water or aqueous solutions is from the hot side to the cold side (refs. 17,19-23) . Moreover, it was observed that the direction of thermoosmosis also changes with change in temperature of external solutions (ref s. 24,25) , pore size of membranes (refs. 19,26) , and solvent(ref. 21) . The magnitude of the thermoosmotic coefficient changes with the change in the mean temperature of both external solutions (refs. 17,20,22,23,25,27,28) , and also with the salt concentration (refs. 5,9,21, 27,28) .
In closed salt solution systems having no membrane, solvent(water) moves toward the hot side and solute (potassium chloride, sodium chloride, etc.) towards the cold side under a temperature gradient(ref. 29) .
The permeation of electrolyte through membranes due to temperature difference was so small that the change of salt concenlration could not be found when dealing with charged membranes.
When the membrane used was a charge-mosaic membrane, electrolytes could pass through the membrane so easily that the direction of electrolyte was found to be from the cold side to the hot side, in agreement with thermal membrane potential.
BASIC EQUATION OF MEMBRANE PHENOMENA
Applying nonequilibrium thermodynamics to ion transport processes with no chemical reaction, in mechanical equilibrium, the entropy production a may be given by (refs. 30,31) -Ta = J .gradT+ .J..gradP. (1) where = + vP + z.Fp (2) cT is the total entropy flux and elj is the absolute mass flux. In addition ij is the chemical potential including contributions due to external forces, p the chemical potential depending on temperature and composition, Vj the partial molar volume, Z the charge number of component i, P the pressure, F the Faraday constant, T the absolute temperature, and ip is the electrostatic potential. Thus, the phenomenological equations for the fluxes relative to membrane are given by -j = L gradT+ .L .grad. Let us assume that all gradients in the membrane are in the x direction perpendicular to the membrane surfaces and,at steady state, temperature T, and general chemical potential, j1, at points x = 0 and x =.
in the membrane (at opposite surfaces of the membrane), are equal to those in the contiguous solutions. That is,
where A shows the difference between two fluid phases on either side of the membrane. By solving eqs. (3) and (4) 
5 = (l/R00)Aii0 + (R0./R00)J. (10) and electric current, I, can be written as I = .z.FJ.
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The physical quantities which characterized the membrane properties are also written as t = (ziFJi/I)AT0Ap0,A0 (12) Ti = (13) T0 = o'1AT=o,AP=o,A0=o
where the sum ' is taken over all ionic species without water.
If the membrane is ideally permselective for component i, i.e., t. = 1, the value of R0./R00, which means the interaction between water and component i, can be directly obtained by measuring electroosmosis. Here, we would like to point out that the interactions between water and salt fluxes, R0/Roo, are most important to understand the osmotic flow of water.
The membrane potential can be calculated from the condition I = 0 and AP = 0(ref. 1) . That is, -= LT + (15) where the thermoelectric potential coefficient is = (16) and the reduced transport number of species i is
Equation (17) is derived from eq. (13) using the Onsager reciprocal relationship Ej = L.
Moreover, if the transported entropy j is defined in terms of the phenomenological coeUi-
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in eq. (15) is composed of two terms due to the temperature difference and due to the composition:
is the partial molar entropy of component i.
Substituting eqs. (19) and (20) 
The permeation velocity of salt is given by eq. (9) and from eq. (23) the water flux is given by
which is equivalent to eq. (10).
Ai and are not discussed in this paper but a brief discussion will be given to J0 at LT = 0 in relation to the nonisothermal osmosis.
In nonisothermal systems and also if there is no concentration difference on both sides of membrane, the volume flux, v = viTi, due to LT (thermoosmosis) may be calculated from eq. (28) 11j 1J ij e j j
The above equations can be applied to every systems, but in the following the application of the equations is limited to 1-1 electrolyte systems with cation permselective membranes for simplicity, except specified cases.
INTERACTION BETWEEN IONS AND WATER
Volume flow is observed through a membrane if two solutions of different concentrations of an electrolyte are separated by the membrane. However, the volume flow is not always proportional to the difference in the osmotic pressure on the two sides of the membrane if the membrane has fixed charges. Such anomalous membrane phenomena are caused by a strong interaction between the flows of ions and water. The reduced transport number of water is a measure of the interaction. From eq. (15) the reduced transport number of water can be written as T0 = -(R0/R00)t + (R0/R00)t (29) As seen from eq. (10) 
If the membrane is ideally permselective for counterions, i.e., t = 1, from eq.(3l) we have -LMjJ/LT = (R/F)ln a +
for cation-exchange membranes, where ctfl-s/F-T0s0 (33) Membrane potential in nonisothermal systems was measured by flushing the two solutions having different temperatures on the two surfaces of a thick membrane to remove diffusion layers(ref. 1). Membrane potential cell is schematically shown in Fig. 4 . The nozzle of the inlet tube, whose internal diameter was 2 to 3 mm, was fixed at a position 2 to 3 mm apart from the membrane surface. While in isothermal systems a reproducible stationary membrane potential was observed at relatively low flow rates of electrolyte solutions (60-150 cm3/min) and with thin membranes, in nonisothermal systems high flow rates (250-300 cm3/min) and thicker membranes (of about 1 mm thickness) were required to obtain reproducible membrane potentials independent of the flow rate. An example of the dependence of membrane potential on flow rate is shown in Fig. 5 . In the range of small temperature differences (< 10 K), linear relationships were observed between A and the temperature difference, AT(refs. 1-3). The electrical potential of the hot side solution was always positive for cation permselective membranes and negative for anion permselective membranes. These phenomena mean that ions are forced to move from the hot side to the cold side across a membrane.
In Figs. 6 and 7, the temperature coefficient of the thermal membrane potential, -1/iT, with cation-exchange membranes is plotted as a function of activities of electrolytes (refs. 3,40) . The absolute value of -/p/tT decreases with increasing ionic radius of hydrated alkali metal ions. As shown by eq. -0.4
If the membrane is not ideally permselective, the transport number t lower than unity must be taken into account. If experimental value of t is introduced into eq. (31), the experimental data for thermal membrane potential can be explained. In particular, if a membrane is a charge-mosaic membrane which is composed of ideal cation-and anion-exchange elements, n can be written as the sum of the combination from two parts: (36) where the superscripts c and a refer to a cation permselective element and an anion permselective element, respectively. Using the overall transport number, tj, we have 
THERMOOSMOSIS
Although the bulk solutions on the two sides of the membrane were fairly strongly stirred in thermoosmotic experiments as shown in Fig. 9 , it is nearly impossible to remove the stagnant layers with respect to temperature on the membrane surfaces.
To study the thermoosmosis quantitatively, therefore, it is important to know the temperature difference working effectively on both sides of membrane, tNT, which was always found to bedifferent from the temperature difference in bulk solutions, lTb. Since the relationship between thermal membrane potential and tT is already established, L\T may be estimated by measuring thermal membrane potential. However, the thermal membrane potential in the thermoosmotic cell cannot be measured while thermoosmosis is being observed. Therefore, the relationship between the temperature difference of bulk solutions, tTb, and the thermal membrane potential is first observed under the same experimental conditions as when thermoosmosis was measured. Since the relationship between LT and thermal membrane potential is already known, we can determine the relationship between tT and ATb at the experimental conditions for thermoosmosis. An example of the relationship between IT and Tb for sulfonated polystyrene -collodion interpolymer membrane i-m-2 is shown in Fig. 10 . The value of LT//Tb = 0.7(ref. If ions move from the hot side to the cold side across a membrane, the electrical potential of the hot side solution must be negative for cation permselective membranes. However, as mentioned above, it was observed that the electrical potential of the hot side solution was almost positive for cation permselective membranes and negative for anion permselective membranes. This means that the solute is forced to move toward the hot side. We may assume that 1v+ = 1v-1v± because electroosmosis and streaming potential tend to zero at high salt concentrations(ref. 13 ).
If a membrane has no fixed charges and the solution does not contain electrolyte, D' and D" disappear and we have D = D°. If the membrane has fixed charges, the additional frictional interaction between fixed charges and water flow must be considered. The charge effect is predicted by B' of eq. (40) . At the low concentration D' is large because TO increases with decreasing concentration of electrolyte, while at high concentrations B' tends to zero. On the other hand, D" is zero at low electrolyte concentrations. Since the transport number of coions increases with increasing concentration of electrolyte, the absolute value of B" would monotonically increase with concentration. which is the difference between the transported entropy in membrane and the entropy in external solution, the direction of thermoosmosis may be sensitive to the membrane materials. In hydrophobic membranes we speculate that -would be positive, so that the direction of thermoosmosis may be toward the cold side. In practice it was found that thermoosmosis occurred clearly toward the cold side when polytetrafluoroethylene membranes were used.
